The diagnostics method of a tracer-encapsulated solid pellet (TESPEL) has been developed. TESPEL consists of polystyrene as an outer shell and of specific material as a tracer in the core. Owing to the advantages of the TESPEL, the following results have been successfully obtained: (1) distinctive different feature of impurity transport between the plateau and Pfirsch-Schlüter regimes depending on the impurity source location which is analyzed with the STRAHL code, (2) specific feature of a non-local thermal transport such as abrupt increase of electron temperature in the plasma core in case of plasma cooling in the plasma periphery due to a small TESPEL injection, (3) spatially resolved energy distribution of the high energy particles obtained by a pellet charge exchange method, (4) longer impurity containment inside the magnetic island which is observed by depositing the tracers in the magnetic island by means of the TESPEL, and (5) identification of new spectral lines using interested atoms contained in the core of the TESPEL.
Introduction
The diagnostic method of a tracer-encapsulated solid pellet (TESPEL [1, 2] ) has been developed, since the first TESPEL injection experiment was carried out at the Compact Helical System (CHS) for the purpose of the impurity transport study [3, 4] . After the TESPEL injection experiments at the Large Helical Device (LHD) started in 2000 [5, 6] , the impurity transport study has been carried out [7] [8] [9] [10] , but it has been also found that the TESPEL method is available for the various diagnostic purposes. TESPEL consists of polystyrene (polymer in the form of (C 8 H 8 ) n ) as an outer layer with the void of the typical diameter of 250 µm and of specific material as tracers in the core.
The advantages of the TESPEL method are summarized as follows: Based on the above advantages of this method, the following various studies are being implemented:
(a) Impurity transport, (b) Particle and thermal transport related to a magnetic island, (c) Thermal transport with a non-local feature under a relatively low-collisionality condition, (d) High energy particle observation with a pellet charge exchange (PCX) method, and (e) Spectroscopy with interested atoms contained in the core of the TESPEL.
In the next section, the TESPEL injection system is briefly summarized, and the present research status of the above various fields is reviewed in the following sections.
Before starting the next sections, we would like to note one more advantage of the TESPEL, that is, the small disturbance on the bulk plasma. The TESPEL outer diameter ranges typically 500 ∼ 900 µm (for aiming at very shallow penetration, up to 400 µm is also used), and amount of the tracer particles is typically ∼ 10 17 particles. This is less by a factor of 10 4 than that of the typical bulk plasma particles. On the other hand, the amount of C and H particles contained in the polystyrene pellet with a diameter of 720 µm is about 1 × 10 19 particles for each. Thus, when these ions are fully stripped, the total electron number introduced by TESPEL causes the density increase of only 0.2 × 10 19 m −3 , which is still smaller by a factor of more than 10 than the LHD plasma density in case of the usual impurity transport study. Thus, the disturbance on the bulk plasma by the TESPEL injection is relatively small. This is an attractive point. Furthermore, by containing multiple tracers in a TESPEL, the different tracer species can be compared simultaneously under the same plasma condition [11, 12] .
Experiment Setup
The principle of the TESPEL diagnostics with the real photo of TESPEL is shown in Fig. 1 (a) , and the schematic of TESPEL configuration is shown in Fig. 1 (b) . The direct deposition of the tracers in the plasma with relatively small disturbance is an important feature of the TESPEL. The deposition location can be changed with adjusting the outer diameter and the shell thickness of TESPEL. To observe emission lines from tracers in the vacuum ultraviolet range, a high-resolution, time-resolving soft x-ray multichannel spectrometer (SOXMOS) [13] is used. To observe the characteristic x-ray lines such as the Kα line, the soft x-ray pulse height analyser (PHA) [14] is also equipped. The energy resolution is typically 160 eV, and a Be filter with a thickness of about 1 mm is inserted for avoiding low-energy photons. The TESPEL injection system [15] is shown in Fig. 2 . The flange disk contains 60 ∼ 90 TESPELs on the circumference. The tracer materials and their amount are registered for each position. This pellet holding disk and the counter disks having bearing are piled. Then, the disk is remotely rotated by a servomotor, and at a certain timing which is pre-scheduled, a TESPEL is ejected through a gun barrel by a He gas with a pressure of 20 ∼ 30 atm. The typical TESPEL velocity ranges from 300 to 400 m/s. The TESPEL is guided by the guide tubes, and there is a fast gate valve between the guide tubes, thus, the system works well as a differential pumping system. In fact, when a TESPEL is ejected into the LHD chamber without plasma, the He pressure increase is not detectable.
Impurity Transport Study

Previous impurity transport studies
The impurity transport is one of key issues for developing a magnetically confined fusion reactor, because impurities could radiate substantial radiation power, which cools the bulk plasma. And, the existence of the impurities causes the dilution of the fuel. Considering the helium ash as impurity, it is a significant subject to find out how to evacuate the helium ash in an appropriate way.
So far, impurity behavior has been intensively studied in tokamaks and helical systems over the world for long years. For example, the impurity decay time versus the average electron density [16] is summarized for the helical systems: LHD, TJ-II, W7-AS in Fig. 3 . General trend shows that the impurity decay time is increased, as the electron density is increased (up to a certain level). In the high-density region for the case of W7-AS, the impurity decay time becomes shorter as the electron density is increased in contrast to the general feature for the lower density case. This point is directly related with the present issue. We would like to show two more previous results. In Fig. 4 , impurity decay time observation at W7-AS is shown with Al injection by a laser blow-off technique [17] . The high-density discharge (HDH) shows much shorter decay time compared to the case of the normal confinement (NC) discharge. Here, we would like to note that there are significant differences in determining the impurity source profile, which is quite important for the impurity transport study. In the laser blow-off experiment in W-AS, Al particles start to ionize in the scrape off layer, then penetrate into the plasma core with ionizing to higher charge states. In general, the impurity source (neutral Al 0 ) is unknown and the profiles of the low charge state ions are sensitive to the magnetic field configuration and plasma parameters at the edge. On the other hand, in the TESPEL, the initial impurity source profile is well determined by the ablation profile of the pellet. In Fig. 5 , the impurity behavior ob- served at LHD is shown on the n e (0)-T e (0) diagram [18] . The solid circles indicate the plasmas with impurity accumulation and the open squares indicate the plasmas without accumulation. The open circles indicate the plasmas with the decrease of impurities or without impurity accumulation. It was concluded that the impurity is accumu- Fig. 4 Impurity decay time observation at W7-AS with Al injection by a laser blow-off technique, duplicated from Ref. [17] . The high-density discharge (HDH) shows much shorter decay time compared to the case of the normal confinement (NC) discharge.
lated in the plateau regime, while it is not accumulated in the Pfirsch-Schlüter (PS) regime. Here it should be noted again that the relevant impurities are intrinsic ones, thus the impurity source is located outside of the plasma.
Present impurity transport studies
In contrast to the previous studies, we are using a TESPEL as shown in Fig. 1 for the purpose of the direct deposition of the tracers in the plasma. The elements of Table 1 Elements of tracers and intrinsic impurities.
The red color indicates tracer atoms and the purple color denotes intrinsic impurities from the wall. The green color corresponds to the atom via gas puffing.
tracers and intrinsic impurities are shown in Table 1 . The intrinsic elements of Cr, Fe and Ni stem from the vacuum chamber made of stainless steel. Titanium (Ti) comes from the titanium gettering. So, it is natural to select V, Mn and Co as tracers in between those intrinsic elements. We could put simultaneously these triple tracers in the core of one polystyrene ball with a typical diameter of ∼700 µm, and the tiny amount of those tracers is enough for observing the line emission from the tracers with a good S/N ratio as shown later. Ar is used as a simulator for the impurity existing outside of the plasma. The time integrated X-ray energy spectra of the Kα line emissions of V, Mn and Co and the intrinsic impurities for the plateau regime (LHD #106986) and PS regime (LHD #106999) are shown in PS regime are higher than those of the plateau regime. The Kα line emissions of the intrinsic impurities of Ti, Cr, Fe and Ni are clearly observed in case of the plateau regime. In contrast to this, these are completely suppressed in case of the PS regime. The temperature and density profiles at the timing of 312 ms after TESPEL injection are shown in Fig. 7 . The central electron temperature T e (0) is 3 keV for LHD #106986, and 1.8 keV for LHD #106999. Temporal evolutions of Kα intensities from the tracers (V, Mn and Co) in the two different collisional regimes are shown in Fig. 8 . The STRAHL [19] calculation with the assumed particle diffusion coefficient D (spatially flat) and inward pinch V (with the peak value of −2 m/s at r eff /a 99 = 0.9) are also shown, where r eff is defined by a radius corresponding to the volume in a cylindrical approximation enclosed by each radial magnetic surface of the real plasma, and a 99 is defined as the value of r eff containing 99% of the whole plasma energy. The local emissivity is calculated by STRAHL. For comparing with the experimental data, the local emissivity is integrated along the line of sight. The experimental data is normalized at t = ∼3.9 s. In the plateau regime, the decay feature of the calculated intensity with D = 0.2 m 2 /s fits well with the experimental one as shown in the figure. In the PS regime, the experimentally obtained intensity is kept for a long time. For reference, the calculated one with D = 0.1 m 2 /s is shown. Due to the slow decay feature, the sensitivity for fitting the diffusion coefficient is not enough in this case. So, the diffusion coefficient of D = 0.1 m 2 /s should be considered as the upper limit. It should be also noted that the decay feature is essentially the same for the three different tracers. So, there is not a clear Z dependence on the decay time. The deposition location of the tracers are in the range of ρ (∼r eff /a 99 ) = 0.6 ∼ 0.75.
In order to investigate the case of the shallower location of the tracer deposition, we made a thin-shell-type TESPEL with smaller radius (600 µm) than the previous case (about 700 µm) and shell thickness of 75 µm. Tracer ablation light in the case of thin-shell-type of TESPEL (LHD #118204: plateau regime, LHD #118209 and LHD #118216: PS regimes) is shown in Fig. 9 . The location of the ablation light for the thick-shell-type TESPEL (LHD #113548: plateau regime and LHD #113581: PS regime) is also shown for comparison. This "thick-shell-type" means typically the thickness of the shell of 200-250 µm which is much larger than ∼75 µm in case of thin-shell-type. As for the PS regime, the location of the deposition of the tracer particles is about ρ = ∼0.7 in case of the thick-shelltype of TESPEL, while ρ = 0.8 ∼ 0.85 in case of the thin-shell-type of TESPEL. Thus, the shallower deposition of the tracer particles is realized. Under this condition of the shallow deposition with using the thin-shell-type of TESPEL, the Kα line emissions from the tracers, V and Mn are shown in Fig. 10 in case of the PS regime. The Kα line intensities of these tracers are kept for a long time as the case of the tracer deposition location at ρ = ∼0.7. So, essentially the long confinement feature of the impurity is applicable up to ρ = ∼0.85 in the PS regime. Next, it is interested to see how deep the impurities coming from the outside of the plasma penetrate into the plasma in case of the PS regime. In order to avoid the ambiguity of the impurity source amount, the Ar gas puffing is implemented as shown in Fig. 11 . The amount of Ar particles is equivalent with that of the tracers. So, due to the very small number of the particles, the density rise due to the Ar gas puff is not detectable with the FIR system (The density increase at the timing of the TESPEL injection is due to the polystyrene, not due to the tracers.). Even with such a small amount, the intensity of the Ar Kα line is clearly detected, and the temporal evolution of the Ar Kα line intensity is shown in Fig. 12 . The suppression of the Ar Kα line intensity in case of the PS regime indicates the shielding effect of the Ar particles. The suppression mechanism of the LHD plasma was studied by Kobayashi et al. [20, 21] , and it will be briefly discussed later. In contrast to the Ar Kα line emission, we observed the Be-like and Li-like line emissions from the Ar particles with enough S/N ratio even in case of the PS regime. In Fig. 13 into the plasma in case of the PS regime, we used these intensity ratios shown as calculated zone with yellow color in the figures for both the Be-like and Li-like line emissions. At first, the temporal developments of the distribution of Ar Li-like ions calculated by the STRAHL code with neglecting the shield effect described above are shown in Figs. 15 (a) and (b) for both the collisionality regimes. The D and V values are used as the same ones as in Fig. 8 . Then, it is seen that the Ar Li-like ions in case of the plateau regime are rather localized in the plasma periphery (at ρ ∼ 0.9). On the other hand, the Ar Li-like ions in case of the PS regime are relatively widely distributed, and the total number of the Li-like ions is much more than the case of the plateau regime. But, this is contradictory to the experimental results. Thus, we count the integrated ion number from the plasma periphery to the certain radius of ρ (∼r eff /a 99 ) in case of the PS regime. The integrated ion distribution ratio (ISDR) of the summation in the PS regime versus the plateau regime is shown in Fig. 16 . The summation in the PS regime is taken from the plasma periphery to the radius of ρ. The summation in the plateau regime is taken for the whole radius. The total amount of gaspuffed Ar particles are the same for both the collisionality regimes. So, if we cut the existence of Ar particles inside of ρ in case of the PS regime, we should adjust the total Ar Fig. 15 Spatio-temporal developments of the Ar Li-like ion density calculated by the STRAHL code with neglecting the shield effect for (a) the plateau regime and (b) the PS regime. Fig. 16 Integrated ion distribution ratio (ISDR) of the summation in the PS regime versus the plateau regime. The summation in the PS regime is taken from the plasma periphery to the certain radius of ρ (∼r eff /a 99 ). The summation in the plateau regime is taken for the whole radius.
particle number for calculation. The dotted line shows the case that the total Ar particle number is multiplied by a factor of 10. This factor is rather insensitive for the location. This is because the Ar Li-and Be-like ion fractions depend very strongly on the electron temperature in the plasma periphery. For example, in the PS regime, the Ar Li-like ion fraction is only 1 × 10 −6 at ρ = 1 (T e = 170 eV), while 0.2 at ρ = 0.95 (T e = 310 eV) according to the NIST data [22] . So, the ratio is a very steep function of the electron temperature. The possible overlapping region for the Ar Li-and Be-like ion distributions consistent with the experimental results is ρ = 0.88 ∼ 0.93. Considering the fact that the property of the tracers deposited within ρ = 0.85 is the same as in the case for the inner deposition of the tracers, it is concluded that the location of the discriminating the impurity property is around ρ = 0.9 (0.85 -0.93) in case of the PS regime. So, the shielding mechanism is working in the plasma periphery [20, 21] . In the edge surface layers where the connection length is short, the friction force is working stronger in the higher density case. In the stochastic region, the thermal force is directed upstream due to the parallel temperature gradient, and the friction force is usually directed toward the divertor plates. The temperature gradient along the magnetic field line becomes smaller in the higher density case. This causes decrease of the thermal force. The ratio of the thermal and the friction forces depends strongly on the density, and the ratio is proportional to n −2.5∼−3 e [21] . So, in our experiments, the suppress of the influx of the impurities from the outside of the plasma may be due to the fact that the thermal force is decreased and the friction force dominates in case of the high density. From our experimental results, it is indicated that impurities coming from the outside of the plasma in the PS regime penetrate a little bit deeper (Δρ = ∼0.1) than the closed magnetic surface, but do not reach the long confinement region.
Impurity transport inside a magnetic island
In order to study the property of impurity transport inside the magnetic island, the titanium impurity was injected into the magnetic island O-point with the TESPEL [23, 24] . Here, the magnetic island O-point was expanded intentionally by using the auxiliary coil. The cross section including the TESPEL injection line and that of the 2-D tracer emission measurement with AXUVD (Absolute eXtreme UltraViolet photoDiode) arrays are shown in Figs. 17 (a) and (b) , respectively. Reconstructed 2-D tracer emission images at (c) t ∼ 1 ms and (d) t ∼ 8 ms after the TESPEL injection are also shown in Fig. 17 . For comparison, the magnetic island shape at the deposition location of the tracer impurity was changed from the O-point to the X-point. In the X-point case, the prolonged and localized emission as shown in Fig. 17 (d) was not observed. So far, the significant change of the neutral particle density has not been observed, when a phase of the magnetic island is changed. As the relevant magnetic island (m/n = 1/1) (at ρ = 0.7 ∼ 0.8) exists well inside the plasma, the neutral density is much lower than that of the edge plasma. It is less possible that the neutral particle density plays a significant role in the difference of the transport of the tracers inside the magnetic island O-point or X-point. Thus, it seems that the impurities diffuse faster in the X-point case than the case of the O-point. In another words, this experiment shows apparently a long impurity confinement inside the magnetic island O-point. Also, a significant reduction of thermal transport is observed inside the magnetic island O-point [25, 26] by using the TESPEL. Concerning the study of heat and impurity inside the magnetic island Opoint, the flexible property of the TESPEL is extensively utilized. That is, the outer diameter of TESPEL is selected so that appropriate penetration may be possible. This flexibility is also applied for the study of non-local feature of the electron thermal transport. It has been observed that the core electron temperature is abruptly increased just when the local electron temperature is decreased in the plasma periphery due to the TESPEL injection [27] . The phenomena occur in the relatively low-collisionality regime [28] (See also [29] for more detailed characteristics on nonlocal electron heat transport investigated by the TESPEL injection.). Although the formation of the electron internal transport barrier (e-ITB) can be seen in such a regime, the non-local core electron temperature rise in response to the edge perturbation is essentially different from the electron temperature rise by the improvement of the electron thermal transport due to the e-ITB formation [30] . Recently, the long-ranged low-frequency electron temperature fluctuation has been discovered in the plasma exhibiting the non-local core electron temperature rise [31] , which would shed light on the physical mechanism of such a phenomenon. Such a local and small disturbance of electron temperature by the TESPEL injection is also applied for the study of the electron thermal transport in the vicinity of the electron internal transport barrier [32] .
Fast Particle Observation
TESPEL has a possibility to measure energy spectrum of fast ions, which go away from the plasma after experiencing charge-exchange with a dense neutral cloud surrounding the TESPEL. As we know the location of the dense cloud by the spectroscopic measurement according to the TESPEL velocity measured and the TESPEL injection timing, so the temporal data measured by the local active fast neutral particle analyzer (NPA) can be converted to the spatial information. This method is called as a pellet charge exchange (PCX) method [33] [34] [35] [36] [37] [38] [39] [40] [41] , and it has a good spatial resolution. One example is shown in Fig. 18 where the resonance layer is changed for the ICRF heating. The configurations of the standard resonance layer case: A and the central heating case: B for ICRF are shown in Fig. 18 (a) . The Hα signal indicates the ablation of the polystyrene of TESPEL. The case A indicates more amount of fast particle production as shown in Fig. 18 (b) than the case B shown in Fig. 18 (c) [37] . The red circle shows the location of the energy increase in case A compared to case B.
For the quantitative analysis of the fast ion measurements, the density profile of the ablation cloud surrounding the TESPEL has been measured [42] . Figure 19 shows an example of the 2-D n e profile in the TESPEL ablation cloud, which is deduced from the 2-D measurement of H β (Stark broadening) profile in the cloud [43] , which is obtained with a nine-optical-lens system with different narrow filters on a fast-shuttered C-MOS camera.
Application to the Spectroscopy
For the study of spectroscopy, interested atoms are put as tracer in TESPEL. It has been done especially in the range of EUV spectra from Nd, Gd [44, 45] , Sn [46, 47] and W [48] [49] [50] and also the other heavy atoms. For example, spectra of highly charged Neodymium is studied with Neodymium tracer in the TESPEL having a diameter of 900 µm under the plasma condition with T e (0) = 2 keV andn e = 4×10 19 m −3 . In this case, a line due to 3d 3/2 4p 1/2 -3d 3/2 4d 3/2 transition (7.413 nm) of Ni-like Nd 32+ has been assigned experimentally for the first time at LHD. The EUV emission of Sn around 13.5 nm will be applied for the future semiconductor lithography, and the emission of Gd around 6.8 nm is also interested for a shorter wavelength light source. These spectra are also investigated with the TESPEL method.
The EUV spectra of W particles injected by TESPEL are also observed, for example, in the wavelength regions of around 3 nm and 5 nm. Such data obtained at LHD will contribute to study of the edge plasma of ITER having a W wall. and (c) are from Ref. [37] , and red circle and arrow are added for highlighting the relevant point. 
Discussion
The impurity behaviors in the plasma core and periphery have been studied by a triple-tracer TESPEL injection. So far it has been found that the impurity transport property in the plateau regime is different from that in the PS regime. The experimental data are analyzed with the STRAHL calculation. The property of the long confinement time of the impurity deposited inside the plasma in the PS regime suggests that impurities coming in a flake form may remain for a long time, and that the He ash produced inside the plasma may remain also for a long time in a future reactor machine. The high density operation is one of candidates for the helical type fusion reactor scheme. Especially, the extremely high density plasma called as a super dense core plasma has been successfully produced at LHD [51] . So, the collisionality in the plasma periphery of the future reactor relevant to the long confinement of impurities or He ash might be in the PS regime. As the impurity shielding effect or outflow of the impurity exists in the plasma periphery in the PS regime, if we can transport the impurity to the plasma periphery, the impurity may be flushed away. The concrete measure for this is the future subjects to be studied.
As for the impurity transport study, it is essential to measure the temporal developments of the location of the impurities. This is done here by comparing the specific emission line and the measured electron temperature profile with calculation (for example, STRAHL code). Several chords of such observation of the specific emission line will be helpful for spatial resolution. But, for the moment, the number of chords is very limited. We are now developing the measurement system of Kα lines in the chords with the order of 100 channels. On the other hand, there is a possibility to measure directly the spatially resolved impurities using a charge exchange recombination spectroscopy. This is based on the charge exchange of the impurity with the neutral beam of NBI for heating. There have been activities in the visible range [52, 53] and soft Xray range [54, 55] for this purpose. Although some signals were obtained through these activities, this method has not yet been used for a routine measurement due to the problem of the background light.
So far, 23 different elements have been utilized as tracer in TESPEL for the corresponding purposes as summarized in Table 2 . For example, as a collaboration with the field of astrophysics, spectroscopic modelling for Fe ions in non-equilibrium ionization plasma has been developed taking advantage of the well measured electron temperature and density of the LHD plasma for the Fe emission data, and it is applied to analyze the solar spectra observed by HINODE [56] . Except for these tracers, TESPEL is also contributing to the investigation about the non-local transport owing to the flexibility of the pellet size, and it is also applied to the fast ion measurements. Thus, TESPEL are contributing to the various research fields.
As the outer layer of the TESPEL is polystyrene, the carbon particles are inevitably deposited in the plasma, and carbon line emissions are problem in some case. So, Table 2 Implemented tracer atoms in TESPEL.
23 different atoms have been utilized. The third column of W for fusion reactor is for analyzing the W atom configuration with comparing the lower Z atoms. The third column of EUV lithography shows the shorter wavelength of the light source for higher accuracy than the standard atom of Sn. The atoms in the column of biological microscopy is for developing the light source for transparent to the water (in the range of 300 ∼ 500 eV).
to avoid the carbon contamination, a tracer-encapsulated cryogenic pellet (TECPEL) is also developed [57] [58] [59] [60] [61] [62] . In this case, the outer layer of the TECPEL is only hydrogen. The technology of producing and ejecting a TECPEL has been established [63] . The outer diameter of the TECPEL is about 3 mm, and it is not easy to change the diameter. This is the drawback of TECPEL compared to TESPEL.
Conclusion
It has been demonstrated that the advantages of TESPEL are useful for diagnostics in various fields. Especially, impurity transport study is carried out using the following unique features of TESPEL: (a) the local deposition of tracers inside the plasma is possible, (b) the deposited amount of the tracer inside the plasma can be known precisely, (c) a relatively wide selection of the tracer material is possible, and (d) the variable penetration depth is possible due to a relatively wide range of the size. As a result, it was found that the impurity transport characteristics between the plateau and Pfirsch-Schlüter regimes are quite different. Using TESPELs with different shell thickness and the Ar gas puffing, it is shown that the impurity source location is essential for the impurity transport feature. Namely, in the PS regime, the impurity deposited inside the plasma is kept for a long time, while the impurity coming from the outside of the plasma cannot enter into the plasma core. On the other hand, in the plateau regime, the impurity deposited inside the plasma flows away easily from the core of the plasma, and the impurity coming from the outside of the plasma enters relatively easily into the plasma core.
Except for the impurity transport study, TESPEL contributed to the following studies: (1) when the plasma periphery is cooled down by a small TESPEL injection, then abrupt increase of electron temperature in the plasma core is observed in case of relatively low collisionality regime. Such a non-local thermal transport has been studied intensively using TESPEL injection, (2) spatially resolved energy distribution of the high energy particles has been observed with a TESPEL pellet charge exchange method, (3) longer impurity containment inside the magnetic island is observed by depositing the tracers in the O-point of the magnetic island by means of the TESPEL injection, and (4) new spectral lines are identified using interested atoms contained in the core of the TESPEL.
